Metastatic basal cell carcinomas are rare malignancies harbouring Hedgehog pathway alterations targetable by SMO antagonists (vismodegib/sonidegib). We describe, for the first time, the molecular genetics and response of a patient with Hedgehog inhibitor-resistant metastatic basal cell carcinoma who achieved rapid tumour regression (ongoing near complete remission at 4 months) with nivolumab (anti-PD1 antibody). He had multiple hallmarks of anti-PD1 responsiveness including high mutational burden (450 mutations per megabase; 19 functional alterations in tissue next-generation sequencing (NGS; 315 genes)) as well as PDL1/PDL2/JAK2 amplification (as determined by both tissue NGS and by analysis of plasma-derived cell-free DNA). The latter was performed using technology originally developed for the genome-wide detection of sub-chromosomal copy-number alterations (CNAs) in noninvasive prenatal testing and showed numerous CNAs including amplification of the 9p24.3-9p22.2 region containing PD-L1, PD-L2 and JAK2. Of interest, PD-L1, PD-L2 and JAK2 amplification is a characteristic of Hodgkin lymphoma, which is exquisitely sensitive to nivolumab. In conclusion, selected SMO antagonist-resistant metastatic basal cell carcinomas may respond to nivolumab based on underlying molecular genetic mechanisms that include PD-L1 amplification and high tumour mutational burden.
INTRODUCTION
Basal cell carcinoma is the most common malignancy, with an estimated 2.8 million Americans diagnosed annually. 1 These cutaneous tumours are usually indolent and cured by local resection. However, basal cell carcinomas can be locally destructive; rarely, they metastasise to distant organs. The incidence of metastatic basal cell carcinoma is reported to be between 0.0028 and 0.55%, depending on the case series. Metastatic lesions typically have pathologic features similar to those in the primary tumour: vascular or perineural invasion can be associated with metastasis. With traditional combined modality therapy utilising surgery, chemotherapy and radiation, the prognosis of metastatic basal cell carcinoma is poor.
Molecular and genomic studies of basal cell naevus syndrome (BCNS), a rare inherited form of basal cell carcinoma, lead to the discovery of the PTCH1 mutation on chromosome 9.
2 PTCH1 is a receptor for Sonic Hedgehog, and negatively regulates the Hedgehog pathway by inhibiting smoothened (SMO), a Frizzled class receptor. PTCH1 is a tumour suppressor gene, and the loss of PTCH1 is sufficient to induce tumorigenesis in vivo. 3 Overexpression of SMO is sufficient to cause a basal cell carcinoma-like lesion in a mouse model. 4 Close to 100% of basal cell carcinomas harbour mutations in the Hedgehog pathway with 90% of tumours having mutations in PTCH1. 5 On the basis of this discovery, molecularly targeted therapy aimed at the Hedgehog pathway was developed. Vismodegib and sonidegib are two SMO antagonists approved by the Food and Drug Administration (FDA) for locally advanced or metastatic basal cell carcinoma. Pivotal studies demonstrated objective response rates in approximately 30-45% of patients with a median duration of response over six months. 6, 7 Although Hedgehog pathway inhibitors may result in an initial response, basal cell carcinoma generally develops resistance, sometimes because of secondary mutations in the SMO gene. 8, 9 In the current study, we performed hybrid-capture based next-generation sequencing (NGS) of tumour tissue as well as analysis of circulating cell-free DNA (cfDNA) for genome-wide copy-number changes in a patient with vismodegib-and sonidegib-resistant metastatic basal cell carcinoma whose tumour harboured a PTCH1 mutation. 10 Unexpectedly, we discovered multiple mutations and copy-number alterations (CNAs), with the former considered a marker for response to immunotherapy in solid tumours. 11, 12 In addition, there was amplification of programmed death ligand 1 (PD-L1, also called CD274), programmed death ligand 2 (PD-L2), and Janus kinase 2 (JAK2), a hallmark of the 9p24.1 amplicon seen in nodular sclerosing Hodgkin lymphoma and primary mediastinal large B-cell lymphoma. 13 It has been hypothesised that chromosome 9p24.1 (the locus for PD-L1, PD-L2, and JAK2) amplification allows the neoplastic Reed-Sternberg cells to evade immune system recognition through up-regulation of PD-L1 and/or PD-L2. This was proven true as single agent nivolumab demonstrated a remarkable overall response rate of 87% in patients with relapsed/refractory Hodgkin lymphoma.
14 Our patient with 1 metastatic basal cell carcinoma, with multiple genomic alterations and PD-L1/PD/L2/JAK2 amplification, also had an exceptional response to single agent nivolumab. Tables 1 and 2 http://www.foundationone.com/). This is a commercially available, NGS-based panel (clinical-grade) comprising 315 genes for the purpose of looking for clinically actionable somatic genomic variation. This panel initially demonstrated ten functional genomic alterations including PTCH1 Q1366*, W197* and CDKN2A P81L, with an overall tumour mutational burden (TMB) of 79 base substitution and indel mutations per megabase (Mb) of coding genome. The patient was managed in accordance with UCSD IRB guidelines and signed consent for investigational treatments, diagnostics, and follow up.
CASE REPORT
He was started on vismodegib 1.5 years ago. Two months later he developed a seizure. Magnetic resonance imaging (MRI) of his brain showed a 2.7 × 1.7 cm right frontal lobe peripherally enhancing mass associated with a small amount of adjacent vasogenic oedema. He underwent stereotactic radiosurgery to the right frontal lobe lesion. This was followed by four cycles of cisplatin and paclitaxel. PET/CT scan two months later demonstrated a partial response to therapy with resolution of most of the lesions in his liver and lungs. However, he did not tolerate cisplatin and paclitaxel; he developed symptomatic anaemia, fatigue, depression, severe loss of appetite and weight loss. In addition, PET/CT scan demonstrated progressive disease in his skeleton and liver. Chemotherapy was discontinued.
Two months later, he was started on a clinical trial with sonidegib combined with buparlisib, a pan-class I PIK3 inhibitor. Six weeks later, CT scans demonstrated progressive disease in his liver, and therapy was switched to weekly paclitaxel and vismodegib. He remained on paclitaxel and vismodegib for two months; treatment was complicated by pneumonia requiring hospital admission. Therapy was discontinued due to poor tolerance and lack of response.
Repeat NGS, shown in Table 1 , was performed on a liver biopsy specimen (Figure 1a,b) . Sequencing demonstrated multiple new genomic alterations including amplification of PD-L1, PD-L2 and JAK2, in addition to 16 other functional mutations and a TMB of 103 mutations per Mb. The result was presented in the multidisciplinary Molecular Tumor Board, and anti-PD1 therapy was discussed. 16 CfDNA was also isolated from plasma and analysed for genomewide CNAs using Sequenom Laboratories technology originally developed for the genome-wide detection of sub-chromosomal CNAs in noninvasive prenatal testing ( Figure 2) . 10 In addition to the amplification of the region containing PD-L1, PD-L2 and JAK2 (amplification defect spanning 9p24.3-9p22.2), this analysis detected numerous significant CNAs across the genome.
He was started on nivolumab 240 mg intravenously every 2 weeks. Within 2 weeks, his fatigue improved. Two months after starting nivolumab, CT scans demonstrated a marked decrease in size of the liver lesions. Four months after starting nivolumab, CT scans demonstrated near complete resolution in the hepatic lesions (Figure 1c-f) , and his mood and appetite improved.
DISCUSSION
Our patient had PTCH1-mutated metastatic basal carcinoma that had progressed following vismodegib, sonidegib and cytotoxic chemotherapy, leaving him with limited options for further therapy. A case report has shown incidental regression of an advanced basal carcinoma in a patient with metastatic melanoma being treated with ipilimumab, a cytotoxic T-lymphocyte associated protein-4 (CTLA-4) antagonist, implying that these tumours can be responsive to checkpoint inhibition. 17 Recently, Winkler et al. 18 reported on a patient with metastatic basal cell Anti-PD1 therapy for metastatic basal cell carcinoma S Ikeda et al carcinoma whose best response to treatment with pembrolizumab was stable disease for a few months. PD-L1 expression by IHC was found to be low in the patient's pulmonary metastases. NGS and tumour mutational burden were not reported. Our report differs in several key aspects. Our patient had a marked and durable response to anti-PD1 therapy. In addition, we present NGS data that demonstrated amplification of 9p24.1 and high TMB providing a biologic rationale as to why basal cell carcinoma might respond to PD-1 blockade. Furthermore, we present analysis of circulating cfDNA demonstrating diffuse genomewide copy-number changes including the amplification of chromosome 9p24.1. Our patient's rapid response to PD-1 blockade with nivolumab suggests immune evasion as a key mechanism of tumour growth and maintenance. Supporting this biological hypothesis, NGS revealed amplification of PD-L1, PD-L2, and JAK2, all located in close proximity on chromosome 9p24.1. PD-L1 and PD-L2, along with programmed cell death protein-1 (PD-1), are key components of the programmed cell death immune checkpoint. Tumour cells take advantage of this checkpoint by expressing PD-L1 and/or PD-L2, which bind to PD-1 on CD8+ cytotoxic T cells, resulting in T-cell exhaustion and apoptosis. 19 The end result is protection of tumour cells from immune-mediated destruction. Immune Amplification of 9p24.1 loci has been reported in the majority of patients with classical Hodgkin lymphoma. 13 This structural anomaly increases gene dosage of PD-L1, defining the PD-1 pathway as a rational therapeutic target. This was proven true in a pivotal study evaluating nivolumab in a group of 23 relapsed/ refractory Hodgkin lymphoma patients; 14 78% of these patients had relapsed after autologous transplantation, and 78% had relapsed after treatment with brentuximab vedotin. The overall response rate to nivolumab was 87%. Amplification of 9p24.1 also results in JAK2 amplification. JAK2 is able to further increase PD-L1 production by augmenting the signal transducer and activator of transcription (STAT) protein, resulting in increased PD-L1 transcription. 13 Therefore, both increased copy number of PD-L1 and increased JAK2 signalling result in up regulation of PD-L1 transcription in Reed-Sternberg cells.
In addition to Hodgkin lymphoma, amplification of chromosome 9p24.1 has been found in 19% of squamous cell carcinomas of the oral cavity, 29% of triple-negative breast cancer, 5% of glioblastoma and 3% of colon cancer. 22, 23 Recently, it has been shown that~20% of patients with triple-negative breast cancer respond to PD-1 blockade with pembrolizumab. 24 Chromosome 9p24.1 amplification appears to be a recurrent event across several tumour types and further studies will need to be performed to assess its value as a biomarker for response to PD-1 blockade.
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CD8+ T-cell-mediated destruction of tumour cells relies upon presentation of tumour antigen bound to major histocompatibility class-1 (MHC-1) on the surface of antigen-presenting cells to CD+8 T-cells. Antigens must be sufficiently distinct from self to elicit an immune response. Tumour antigens that are not previously recognised by the immune system have been termed neoantigens. Higher neoantigen burden, which may be largely predicted by TMB, has been associated with higher objective response rates and progression-free survival in patients treated with PD-1 blockade. 11, 12 Melanoma, non-small cell lung cancers, and renal cell carcinoma, all of which are highly responsive to PD-1 blockade, have been shown to have a high degree of mutational burden from whole genome and exome sequencing studies. 26 Our experience suggests that the median number of alterations in an NGS panel of~200 to 300 genes used in metastatic disease is about 4.
27 Although this is a limited gene panel, the sequencing of~1.5 Mb across the subset of cancer related genes allowed detection of 19 functional alterations. Compared with most tumours, basal cell carcinoma has a very high overall TMB with a median of 50 mutations per megabase (Table 2) . 28 Our patient had a level of 4100 total mutations per Mb of coding genome, which corresponds to 41000 mutations in the whole exome and represents a very high TMB, even for basal cell carcinoma.
In addition to single-nucleotide variants, tumours often exhibit widespread CNAs related to genome instability. We sequenced the cfDNA from the plasma of this patient to 0.2 × coverage and detected CNAs using methods developed for noninvasive prenatal testing. 29 Numerous significant CNAs were detected across the entire genome including clear amplification of the entire region surrounding these genes (9p24.3-9p22.2; Figure 2b ). It is not known whether the CNAs found in the circulating cfDNA are the same that would be found in analysis of the liver metastases. Circulating cfDNA could represent tumour DNA from any of the patient's tumours. Finding diffuse genome-wide CNAs and, specifically, CNAs in chromosome 9p24.1 further confirms amplification of chromosome 9p24.1 that was detected by NGS of the liver metastases. We hypothesise that the CNAs detected in cfDNA may be consistent with genomic instability and the high mutational burden in the tissue DNA derived from this patient. The technology used to detect CNAs in our patient's circulating cell-free tumour DNA is identical to the method for noninvasive prenatal testing that has been used in over 500 000 pregnant women to detect fetal chromosome anomalies. 29 Using this technology to detect tumour genomic alterations is a novel way to obtain valuable genomic information from a patient's tumour with out necessitating a tissue biopsy.
Genomic profiling of our patient's tumour allowed us to choose an effective treatment that would not have otherwise been considered in an individual with metastatic basal cell carcinoma. NGS technologies are already allowing oncologists to effectively customise treatment for their patients by matching therapies, such as tyrosine kinase inhibitors, with the appropriate mutation. 27, 30, 31 In addition, certain types of NGS, such as hybrid-capture-based comprehensive sequencing of a broad panel of cancer genes, has the ability to identify other alterations that can predict a response to immunotherapy, including degree of mutational burden, errors in mismatch repair proteins, and PD-L1 amplification. 32 In summary, we report an exceptional responder to anti-PD1 therapy in a patient with metastatic basal cell carcinoma whose tumour harboured co-amplification of PD-L1, PD-L72, and JAK2 as well as multiple genomic alterations. There is no effective treatment option beyond the Hedgehog inhibitors in metastatic basal cell carcinoma. Therefore, there is an unmet need for new strategies beyond Hedgehog inhibitors. Our report suggests the merit of exploring biomarker-driven, immune-targeted therapy in metastatic basal cell carcinoma and in other tumours harbouring amplification of PD-L1 and/or high tumour mutational burden.
